Urokinase plasminogen activator (uPA) is required for both endogenous and vascular endothelial growth factor (VEGF)-augmented angiogenesis in normal tissues, leading us to hypothesize that uPA augmentation by gene transfer might promote angiogenesis in ischemic tissues. Overexpression of uPA was studied in rat myocardial infarction (MI) and mouse hind limb ischemia models and compared with VEGF overexpression effects. Animals were divided into control and three experimental groups (n = 6), receiving intramuscular injections of plasmids as follows: (i) control (empty vector or expressing β-galactosidase); (ii) uPA; (iii) VEGF 165 ; (iv) a 1:1 mixture of uPA and VEGF 165 . The capillary densities in both ischemic models were greater (P < 0.05) in tissues treated with uPA, VEGF, or a combination of both than in controls. Infarct size was reduced in hearts from uPA and VEGF experimental groups compared with controls (P < 0.05). Local overexpression of uPA induced a marked increase in the number of macrophages and myofibroblasts present within infarcts. Hind limb blood flow was greater in all experimental groups by day 10 (P < 0.05). Overall, the effects of uPA and VEGF were uniformly comparable. Additional analysis revealed association of local edema with VEGF but not with uPA treatment. This study established that uPA gene therapy effectively induces functionally significant angiogenesis in models of acute MI and hind limb ischemia.
INTRODUCTION
Angiogenic gene or protein therapy has been considered as an approach with significant potential for treating patients with ischemic heart and limb diseases. However, this promise has not yet been realized in patients, even with potent angiogenic factors such as vascular endothelial growth factor (VEGF). One limitation to the implementation of gene therapy with VEGF, a prototypic angiogenic factor, has been clinical evidence of dose-dependent vascular permeability, with attendant local edema formation 1,2 as well as hypotension. 3 It has been demonstrated that mice deficient in urokinase, also known as urokinase plasminogen activator (uPA), possess impaired endogenous ability to restore blood flow compared with wild-type mice with experimentally created hind limb ischemia. 4 Moreover, in uPA knockout mice, VEGF failed to stimulate enhanced angiogenesis in infarcted hearts, 5 suggesting a critical dependence of VEGF angiogenic activity on uPA.
Urokinase is a proteolytic enzyme named for its important role in plasminogen activation and consequent degradation of thrombi, for which it has been widely employed clinically in the context of thrombotic occlusion. 6 Another primary effect of uPA is the direct and indirect (through plasmin) activation of matrix metalloproteinases (MMPs), which then act to degrade the extracellular matrix (ECM) and basement membrane, allowing cells to move through these barriers. 7 In addition, these activated proteases liberate and activate various growth and differentiation factors secreted by cells in inactive forms or sequestered on the cell surface or within the ECM, thus contributing to the evolution of a migratory or invasive cell phenotype. [8] [9] [10] Finally, uPA modulates signaling and cell adhesion through uPA receptor and various integrins. [11] [12] [13] Direct demonstration of the importance of uPA in angiogenesis has arisen from a number of in vitro studies 14, 15 as well as by inactivation of the gene in vivo as noted above; 4,5 these results have shown that uPA has potent direct and indirect proangiogenic activities.
Prior work in our laboratory has shown that local application of uPA protein in the context of vascular injury modulates conduit vessel remodeling. 16, 17 However, no prior studies have addressed the potential of local forced expression of uPA to promote angiogenesis in vivo. To evaluate the possibility that over expression of uPA, using a clinically practicable approach, could enhance angiogenesis and arteriogenesis and result in enhanced blood flow as well as tissue protection in the ischemic tissue, we studied the effects of plasmid-based gene transfer of uPA in two complementary experimental models of ischemia. uPA expression was induced by local plasmid injection into ischemic tissue of rat myocardium and mouse hind
RESULTS

Evaluation of myocardial tissue transfection efficiency
Preliminary control experiments were performed to establish the efficiency of intramuscular plasmid transfection, using a plasmidbased β-galactosidase reporter construct. Histochemical visualization of β-galactosidase activity in myocardium revealed that 0.768 ± 0.011% of myocytes in the infarct border zone expressed β-galactosidase at day 7 after plasmid injection (Figure 1e) .
Expression of human uPA and human VEGF in cardiac muscle
To confirm the functionality of the plasmids carrying therapeutic genes, temporal RNA and protein expressed from plasmidencoded VEGF or uPA were examined. Using human-specific primers as well as human-specific antibodies, we selectively evaluated levels of human transgene expression in rodent backgrounds. Maximal expression of both transgenes occurred at day 3 after gene transfer (the earliest time point examined). The expression of transgenes was detected in all experimental animals at day 14; however, levels substantially decreased and were undetectable by day 28 (Figure 1a and b) .
The dynamics of protein expression (levels) directly paralleled that of RNAs, being detectable during the first 2 weeks after plasmid injection and becoming undetectable by the fourth week (Figure 1c) .
Immunohistochemical tissue evaluation revealed that human VEGF and uPA proteins were present in cardiomyocyte cytoplasm and in interstitial cells (Figure 1d ).
The effects of transgene expression on infarcted myocardium
Vascular density in ischemic tissues. The level of angio-and arteriogenesis in infarcted heart was evaluated in each of three distinguishable zones of myocardium: (i) infarcted zone, (ii) border zone, and (iii) remote non-infarcted myocardium.
At day 14 after treatment, the densities of von Willebrand factor-positive capillaries in the border zone around the forming scar in the uPA, VEGF, and uPA/VEGF groups were greater than in the control groups (P < 0.05) and were similar to each other ( Table 1) . A higher density of α-smooth muscle actin-positive (α-SMA + ) vessels with distinguishable lumens was measured in uPA, VEGF, and uPA/VEGF groups than in both control groups (P < 0.05). Again there was no difference between the three treatment groups ( Table 1) .
The density of capillaries (von Willebrand factor-positive vessels) in the total scar area was higher in the VEGF and uPA/VEGF groups than in the control and saline groups (P < 0.05). The density of capillaries in the uPA group was significantly higher than in the saline control group and trended higher than in the plasmid control group (P = 0.08). The density of α-SMA + vessels in the infarcted scar area was higher in the VEGF and uPA treatment groups (P < 0.05) than in both control groups ( Table 1 ). In the uPA/VEGF group, the density of α-SMA + vessels was higher than in the saline group alone. No differences were found in von Willebrand factor-positive and α-SMA + vessel densities within remote non-infarcted regions of the heart ( Table 1) .
Infarct dimensions and left ventricle remodeling.
Analysis of the cardiac tissue protective effects of uPA, VEGF, and uPA/ VEGF was performed by staining thin sections of the myocardium with Mallory trichrome reagent at day 14 after surgery/ treatment. This method allows visualization of areas of fibrosis resulting from tissue necrosis. The ratio of infarcted area to total left ventricular area was smaller (P < 0.05) in uPA and reduced infarct area that was not statistically different from control. There was no significant difference in the size of infarcted areas among the uPA, VEGF, and uPA/VEGF groups. Extended analysis of remodeling phenomena revealed that left ventricular chamber circumference, left ventricular wall thickness, interventricular septum thickness, and scar thickness did Myofibroblast accumulation in peri-infarct zones. To investigate whether uPA overexpression enhanced myofibroblast accumulation, the presence of non-vessel-associated α-SMA + cells was assessed in the peri-infarct zone at day 14 after surgery/treatment. Enhanced staining of α-SMA + myofibrolasts was observed specifically in the forming scar area in ties of myofibroblasts were observed in the myocardial sections of uPA-treated hearts compared with the control and VEGF groups (P < 0.05). Representative photographs of Mallory trichrome-stained rat heart sections from all experimental groups at day 14 after injury/treatment. uPA, urokinase plasminogen activator; VEGF, vascular endothelial growth factor.
VEGF plasmid treated groups than in the control ( Table 2 and Figure 2 ). Treatment with both plasmids led to a slightly not differ among the groups ( Table 2) .
the hearts of all groups ( Table 3) . Significantly higher densi-Mononuclear cell accumulation in infarcted hearts. To evaluate the extent of monocyte/macrophage infiltration into recovering myocardium after treatment, the number of CD68 + cells (a surface marker specific for monocytes/macrophages) was determined in thin sections of infarcted regions and compared with the results for remote, non-infarcted regions. As expected, infiltrating CD68 + cells had accumulated in periinfarct and infarct zones by day 3 after infarction/treatment associated with vessels (Supplementary Figure S1) . The number of CD68 + cells in the infarct area was higher in the uPA and CD68 + cell accumulation in remote myocardium was not different among groups and was similar to that in the infarcted zone of hearts treated with VEGF.
The effect of transgene in a mouse ischemic hind limb model
The test plasmids were further evaluated in the complementary ischemic hind limb model. The time course of limb reperfusion after iliofemoral interruption was measured by laser Doppler imaging and expressed as a ratio of blood flow in the ischemic limb to blood flow in the contralateral non-ischemic limb (Figure 3a) . Perfusion was improved in each treatment group compared with the empty vector control group at days 10, 15, and 20 after induction of ischemia (P < 0.05 for all), but was not different among treatments. Capillary density (defined as CD31 + capillaries per visible myofiber) in tibialis anterior (TA) muscles at day 20 (Figure 3b and c) increased in parallel with tissue perfusion. The ischemic/non-ischemic leg capillary density ratio was enhanced by 1.26-fold, 1.16-fold, and 1.2-fold in the groups treated with murine uPA, human VEGF, and human VEGF/murine uPA plasmids, respectively, compared with control (P < 0.01, P < 0.05, and Table 4 ) and were predominantly uPA/VEGF groups than in the controls ( Table 4 ). The level of P < 0.05, respectively). Capillary densities in the TA muscles were not different among the three treatment groups.
Analysis of edema development after uPA or VEGF plasmid injections
It has been demonstrated that forced VEGF overexpression was associated with increased vascular permeability, leading to edema. 18 This phenomenon has not been previously evaluated in the context of uPA overexpression. To amplify potential edematous tissue formation, an electroporation was performed after DNA injection to enhance the uptake of plasmid. 19 Extravasation was monitored by systemic injection of Evans blue dye. Interestingly, uPA transfection did not increase Evans blue accumulation in TA muscles (207 ± 25.3 mg/g tissue) in comparison with control plasmid (253 ± 48.4 mg/g tissue), whereas approximately 25-fold more dye leakage from vessels was noted in the VEGF-treated group (5,299 ± 1,734 mg/g tissue) compared with both the control and uPA groups (P < 0.01 for each) (Figure 4a and b) . Thus, it appears that, unlike VEGF, uPA stimulates angiogenesis without a commensurate increase in edema formation.
DISCUSSION
The potential clinical utility of gene therapy using individual angiogenic growth factors to treat peripheral limb or myocardial ischemia has been reported by several groups. [20] [21] [22] These controlled clinical trials have tested single-gene therapies given as single doses. Thus far, these trials have shown little sustained benefit to patients with ischemic diseases. [23] [24] [25] Our study demonstrates a robust effect of uPA overexpression on vessel growth and tissue perfusion as well as limiting of myocardial damage and subsequent remodeling after infarction. These findings support the possibility of a novel strategy using uPA to stimulate vessel growth in both ischemic cardiac and peripheral skeletal muscle tissues, perhaps via direct effects as well as by releasing and activating endogenous growth factors, proteases, and cytokines.
The ability to activate and liberate a protein milieu with multiple complementary functions that act in concert to promote stable/mature vessel formation distinguishes uPA from other molecules that have been used to promote therapeutic neo-angiogenesis. An inherent weakness of monotherapy strategies is that overexpression of individual bioactive molecules is capable of activating only specific signaling pathways (e.g., VEGF and fibroblast growth factor 4) or transcriptional regulators that control sets of pathways normally induced by hypoxia (e.g., hypoxia inducible factor 1α). The predominant mechanism(s) by which uPA overexpression leads to the in vivo effects demonstrated in the present study remains incompletely understood.
Among the many functions performed by uPA is activation of MMPs by proteolytic cleavage of polypeptide precursors. The protease activity of uPA is normally tightly regulated by specific inhibitors such as plasminogen activator inhibitor-1. Overexpression of uPA would potentially overwhelm this regulation, leading to enhanced levels of activated MMPs. In addition, uPA is a chemoattractant for circulating monocytes, 26, 27 which play substantial roles in collateral vessel development. 28, 29 Moreover, prior studies from our group have shown that binding of uPA to its receptor induces MMP-9 expression in monocytes. 30, 31 It has been proposed that uPA overexpression enhances vessel growth by increasing interstitial ECM breakdown through activation of MMPs, which in turn enables neovascularization by providing access points for infiltrating vascular precursor cells and growth factor-secreting monocytes, 32, 33 as well as by increasing tissue compliance for vessel expansion. 7, 13, 14, 34 Our data complement the results from previously published studies with uPA and uPA receptor knockout mice, which demonstrated a crucial role of uPA in physiological levels of post-natal revascularization of ischemic myocardium through angiogenesis and collateralization. 5 We observed a highly significant increase in the density of capillaries and smooth muscle cell containing arterioles in hearts treated with uPA plasmid. Increased neovascularization was confined to ischemic regions, suggesting that uPA complemented the endogenous revascularization process and did not promote hyper-vascularization of non-injured normally perfused regions-an important safety consideration for any potential pro-angiogenic therapy.
We have shown previously that proliferation as well as migration of smooth muscle cells can be enhanced by applying exogenous uPA, leading to enhanced outward remodeling of vessels in a conduit artery injury model. 16, 17 Collateral arteriogenesis has several features in common with injury-induced large artery remodeling: both processes are associated with monocyte extravasation and infiltration, inflammation, upregulation of growth factors and expression of adhesion molecules, and activation of smooth muscle cell proliferation and migration. [35] [36] [37] Thus, the collateralization may be at least in part responsible for the enhanced preservation of myocardial tissues in hearts receiving uPA after infarction.
Interestingly, protection from scar expansion in the myocardial infarction model was not equivalent in all groups, even though each of the treatments significantly enhanced vascular density in the regions surrounding the infarction. The combination of uPA and VEGF was not as effective at protecting myocardium as either plasmid alone. It is possible that this observation is a result of the reduced dose of the individual factors used in the combination. Confirmation of this explanation would require a dose-response analysis with the individual plasmids, which was not performed. It would be technically very challenging to obtain clear data over such a narrow dose range given the multiple variables affecting delivery of plasmids to tissues and variables of uptake and expression by individual cells.
In the absence of explanations based on dose, these data may indicate that, in addition to angiogenesis, uPA and VEGF influence fundamentally different cardioprotective mechanisms that are not synergistic and may even counteract each other. For instance, uPA promotes infiltration of monocytes, which may be activated by the hostile ischemic environment, and these macrophages may escape into the surrounding vessels through VEGF-induced vascular leakage. Such an occurrence could potentially induce damage to surrounding tissue and lessen the positive effects resulting from enhanced revascularization.
The effect of VEGF on myofibroblast accumulation in the peri-infarct area was less pronounced than the effect of uPA alone. However, the reduction in the transmural scarred area and the enhanced neovascularization were similar in the uPA and VEGF groups. Despite this decrease, uPA and VEGF plasmid treatment did not significantly affect the hypertrophy of the left ventricular wall and enlargement of the left ventricular cavity after myocardial infarction. Further studies are needed to clear up the precise mechanisms responsible for the reduction of infarct size by uPA and VEGF, to determine why these mechanisms are not complementary, and to clarify how uPA overexpression affects heart function and collagen accumulation after MI.
The clinical exploitation of VEGF-based therapeutic approaches has been limited with respect to gene dose by the development of local edema as a consequence of vascular leakiness. 38 Prior studies have shown that expression of a mixture of different VEGF isoforms, 39, 40 or additional complementary factors such as angiopoietin-1, 41 can partly mitigate edema. The present study confirmed our hypothesis that uPA overexpression would not lead to the unwanted consequence of tissue edema. However, this study does not indicate whether the absence of uPA angiogenesis-associated edema is a consequence of a limited degree of secondary VEGF activation or rather of the activation and release of complementary vessel-stabilizing factors from the ECM. This question might be addressed in future studies directly exploring the local modulation of protein expression and activity by uPA.
In conclusion, gene therapy with uPA appears to be a viable new monogenic therapy for modulation of ischemic diseases in both the cardiac and skeletal systems. The absence of associated edema suggests that it may be tolerated at high doses, although any consequences of cellular infiltration have yet to be understood. It is tempting to speculate that some of the cells observed as monocytic cells represent vascular progenitors; this topic will form the basis for future investigations. Meanwhile, previous widespread clinical experience with uPA protein as a well-tolerated therapy for thrombolysis lends encouragement for further development of uPA-based approaches for the novel indication of therapeutic angiogenesis.
Translation of uPA to the clinic will require additional studies, including formulation, dose optimization, and optimization of delivery modality. In addition, it will be necessary to demonstrate that the observed enhancements in neovascularization and protection are reflected in improved mechanical function of the heart in vivo using echocardiography or other imaging modalities.
MATERIALS AND METHODS
Construction of plasmids.
Full-length complementary DNAs (cDNAs) of human VEGF 165 and human and mouse uPA were inserted into a pcDNA3 vector (Invitrogen, Carlsbad, California) that utilized the cytomegalovirus promoter/enhancer. As controls, we used pcDNA3 vectors that did not contain any component cDNA or cDNA of β-galactosidase. Plasmids were grown in Escherichia coli, followed by column purification using the Qiagen Plasmid Purification Kit (Qiagen, Valencia, CA).
Animal studies. Animals were cared for in accordance with guidelines published by the National Institutes of Health, and all study procedures were approved by both the Russian Cardiology Research Center and the Indiana University School of Medicine Institutional Animal Care and Use Committees.
Transfection efficiency. The efficiency of transgene expression was assessed by visualization of β-galactosidase activity in the rat hearts at day 7 after MI by left anterior descending ligation, followed by direct injection of β-galactosidase-coding plasmid into the border zone of myocardium. The method is described in detail in the Supplementary Materials and Methods.
Measurement of human uPA and VEGF gene expression. Expression of human VEGF 165 and uPA was assessed by reverse transcription polymerase chain reaction, western blotting, and immunohistochemistry. The methods are described in detail in the Supplementary Materials and Methods.
Rat myocardial infarction model. A MI model was created in adult male
Wistar rats (weighing 300-350 g) as previously reported. 42 The animals were anesthetized with ketamine (75 mg/kg, intraperitoneally), and left thoracotomy was performed through the fourth intercostal space. The pericardium was opened and the left anterior descending coronary artery was ligated permanently with a 3-0 silk suture at a site 3 mm distal to the edge of the left atrial appendage. Rats were randomly divided into five treatment groups (n = 6-8 rats/group for vascular density evaluation, and 10-13 rats/group for MI size assessment): (i) phosphate-buffered saline, (ii) β-galactosidase plasmid, (iii) human uPA plasmid, (iv) human VEGF 165 plasmid, and (v) an equal mixture of human uPA and human VEGF 165 plasmids. For myocardial infarction size assessment, the group treated with β-galactosidase plasmid served as a control. Twenty minutes after ligation, 50 μl of plasmid suspension in phosphate-buffered saline (62.5 μg) was injected with a 30-G tuberculin needle directly into each of four sites of the myocardium of the left ventricular wall around the ischemic region, for a total dose of 250 μg of plasmid. For the group that received both uPA and VEGF plasmids, the dose of each plasmid was 125 μg (for a total dose of 250 μg of plasmid).
Mouse hind limb ischemia model and blood flow evaluation. Unilateral hind limb ischemia was created in C57BL/6J mice (8-12 weeks old) as previously described. 43 The animals were anesthetized with 2.5% avertin, after which an incision was made at the midline of the left hind limb. The femoral artery and vein and their branches were ligated from the inguinal ligament to the bifurcation of the saphenous and popliteal arteries, followed by excision of the region between the ligatures. Mice were randomized into four groups (n = 6 mice/group): (i) control (empty vector), (ii) murine uPA plasmid, (iii) human VEGF 165 plasmid, and (iv) an equal mixture of murine uPA and human VEGF 165 plasmid. One day after surgery, a total of 100 μg of plasmid was injected at five sites of the ischemic limb in a total volume of 100 μl. As in the case of myocardial infarction, for the group that received both the uPA and the VEGF 165 plasmids, each dose was cut in half for a total dose of 100 μg. The sites of injection were TA, one injection; gastrocnemius, two injections; and quadriceps, two injections. Blood reperfusion in both ischemic and normal hind limbs was evaluated at 5-day intervals for 20 days using laser Doppler imaging (Moor Instruments, Devon, UK) as previously described. 44 In brief, animals were anesthetized by isoflurane inhalation and placed on a heating pad set at 37 °C. The data were collected from the plantar surfaces of both limbs. To account for variability among measurements, including consequences of ambient light and temperature, the results are expressed as the ratio of perfusion in the ischemic (left) and the intact (right) limbs.
Vascular density evaluation.
At the end of the studies (for MI at day 14 and for hind limb ischemia at day 20), animals were killed and hearts (from rats) or TA muscles (from mice) were harvested, mounted into OCT medium, and snap-frozen in liquid nitrogen. Frozen sections (6 μm) were used for vessel density assessment. Vessels were visualized by staining tissue sections for von Willebrand factor (rat hearts), α-SMA (rat hearts), or CD31 (mouse muscles). The methods used for vessel visualization are described in detail in the Supplementary Materials and Methods.
Infarct size evaluation. To prepare hearts for evaluation of infarct size, rats were killed by an intravenous injection of a saturated KCl solution, which led to cardiac arrest at diastole. The hearts were excised and sectioned transversely into three pieces between the apex and the site of the ligature (with thickness approximately 1.5-2 mm). Each piece was mounted into OCT medium and snap-frozen in liquid nitrogen, followed by preparation of 10-μm sections obtained at each of the three levels of the left ventricle. Sections were stained with Mallory trichrome reagent as previously described. 45 The images of the sections were acquired using a digital camera and subsequently analyzed with UTHSCSA Image Tool software (UTHSCSA Dental Diagnostic Science). The infarct size is expressed as the ratio of transmural scarred tissue area to left ventricular cross-sectional area measured in three sections from each of the three levels of the left ventricle. Data are presented as an averaged ratio ± SEM.
To assess overall cardiac hypertrophy/remodeling, measurements of the circumference of the left ventricular cavity as well as the left ventricular border zone wall thickness and interventricular septum thickness were performed. A transverse section representing the middle of the left ventricle at the region of broadest cavity dilatation was used for each heart. For border zone wall thickness, measurements were obtained on two separate areas for each section and averaged. A single investigator blinded to the treatment groups performed all measurements.
Evaluation of monocyte/macrophage accumulation. The extent of monocyte/macrophage accumulation in the infarcted left ventricle was evaluated immunohistologically by counting CD68 + cells in the tissue at day 3 after surgery/plasmid injection. Rats were killed, and hearts were harvested and mounted in OCT medium, then snap-frozen in liquid nitrogen. Frozen sections (6 μm) were incubated with anti-rat CD68 immunoglobulin-Gs (Serotec, Raleigh, NC; catalog number MCA341R, dilution 1:100). The level of monocyte/macrophage infiltration was represented as the number of CD68 + cells per field using a 40× objective. All available fields were measured within three distinct regions of the cross-section of left ventricle: (i) myocardial infarction area including border zone, (ii) remote noninfarcted subendocardium, and (iii) remote non-infarcted interventricular septum.
Evaluation of edema formation. Mice (C57BL/6J) were anesthetized; the skin covering the TA muscle was shaved and disinfected. Percutaneous injections of 20 µl of murine uPA-or human VEGF 165 -carrying or empty plasmid (1 mg/ml in phosphate-buffered saline) were followed by electroporation. Electroporation was performed using an ECM 830 electroporation generator (BTX, Holliston, MA) with two-needle array electrodes (needles 5 mm apart) with the following settings: two pulses at 60 V for 50 msec, 500 msec apart. To evaluate edema development, 100 µl Evans blue solution (7.5 mg/ml) was injected intravenously 4 days after treatment. Thirty minutes after dye injection, mice were killed and the TA muscles were harvested, weighed, and dried at 55 °C for 24 hours. Dye was extracted by incubating tissues in 500 µl formamide for 24 hours at 55 °C. Dye concentration was measured by spectrophotometry at 610 nm.
Statistical analysis. Data are expressed as mean ± SEM where possible. The differences in the data between two groups were determined with a Student's t-test or the Mann-Whitney rank sum test. Comparisons of multiple groups were performed by analysis of variance with correction for multiple comparisons. All analyses were performed using Jandel SigmaStat.
